We report on the passivation of surface defects of ZnO nanorods by surface layer deposition.
Introduction
ZnO nanostructures have attracted considerable attention due to their excellent electrical and optical properties. These properties make ZnO one of the suitable materials for use in nextgeneration optoelectronic devices [1] . ZnO is a nontoxic material and can be synthesized using cost-effective solution process such as Chemical Bath Deposition (CBD) method. ZnO based nanostructures have wide range of applications in a device technology. They have been used in photovoltaics in different device architectures such as in planar and rod like geometries. ZnO nanostructures are also been used in gas and bio sensors, transistors, optically pumped lasers, light emitting diodes, and piezoelectric devices etc [2] [3] [4] [5] . The wide band gap (3.3 eV) and high exciton binding energy (60 meV) at room temperature make ZnO one of the most extensively used semiconductor materials [6] . In recent years, There has been a surge in the investigation of Photoluminescence of ZnO nanostructures [7] . In most of the studies, two emission bands have been observed [8] such as the near band emission which corresponds to band-to-band transition of the charge carriers and the defect emission which is the result of structural defects of ZnO nanostructures, such as Zn interstitials, oxygen vacancies, dangling bonds at the surface etc.
These structural inhomogeneities result in the formation of inter band states. Optoelectronic properties of nanomaterials are greatly affected by the confinement effects and surface defects [9] [10] [11] . The latter can cause the defect emission and band bending which results in the low luminescence efficiency of the nanomaterials [12] [13] . Many researchers attributed the defect emission band in PL of ZnO nanostructures to the surface states [14] , while others have argued that the green emission might be the result of bulk defects, such as oxygen vacancies [15] .
Suppressing the surface defects to enhance the ultraviolet (UV) emission of ZnO nanorods can result in better performance of the ZnO based optoelectronic devices.
There are few reports in which the optical properties of ZnO nanostructures have been altered by surface treatments [15] [16] [17] . Richters et al. have investigated the PL properties of Al 2 O 3 /ZnO nanowire structures [15] where they have found that after coating the ZnO nanowires with Al 2 O 3 the near band emission at low temperatures was enhanced and the deep level emission was reduced. It has also been observed that hydrogenation also results in reduced deep level emission and increased band edge emission [17] . Other surface treatments such as argon ion milling and polymer covering have also been observed to reduced deep level emission and produce increased band edge emission in ZnO nanostructures [18] [19] . The reduced defect emission is expected to result in better performance of the ZnO based hybrid nanostructures.
Considering the good electronic transport properties of ZnO, it has been used as an electron transport material in hybrid solar devices. However, utilization of the ZnO nanostructures in modern solar cell devices has remained limited due to its surface defects which not only contribute to reduction of Power Conversion Efficiency (PCE) but also lead to degradation of absorber materials [20] [21] . As discussed above that one of the possible ways to reduce defects in ZnO nanostructures is their surface treatments. From the device point of view one needs to select a material for the surface treatment that offers a suitable band alignment in hybrid nanostructures to facilitate charge transport as well as serve to reduce surface defects in ZnO nanostructures. In this study, we investigate the effect of ZnS surface layer on the photoluminescence and electrical properties of ZnO nanorods, and find substantial enhancement in band-edge emission and suppression of the defect emissions after surface treatment.
Experimental Section

Growth of Zinc Oxide Nanorods
We first washed the FTO substrates in the baths of acetone, methanol, ethanol, and in distilled water sequentially using sonicator. After washing the substrates, we deposited ZnO seed layer using spin coating method. ZnO seed layer solution was prepared using Zinc acetate hexahydarte, ethylene glycol and diethanol amine. First we prepared 0.4 M solution of Zinc acetate in ethylene glycol. We noticed that the solution turned milky after few minute stirring at room temperature [21] . We added Diethonl ammine drop wise in the solution of Zinc acetate until it becomes transparent. We stirred the solution further for 30 minutes and the final solution was spin coated on FTO glass at 2500 rpm for 30 sec. After each spin coat the samples were dried in oven at 250 0 C for 20 minutes. We repeated this process five times and the samples were annealed at 500 0 C for two hours [22] .
ZnO nanorods were grown using Chemical Bath Deposition method (CBD). The growth solution was prepared using aqueous solution of zinc nitrate and hexamethylene tetramine (HMTA). First we separately prepared the equimolar aqueous solution of HMTA and Zinc nitrate hexahydrate.
After 30 minutes stirring, we pour the solution of HMTA into zinc nitrate hexahydrate solution and the final obtained solution was stirred further for one hour. Substrates were immersed in the growth solution with the support from the Teflon rod, such that the seed layer coated side of the substrates were facing down. The reaction time for the growth of ZnO nanorods was 2 hours at 90 0 C. After the completion of reaction, we washed the samples with distilled water and finally annealed at 400 0 C for one hour [23] [24] . Density functional theory (DFT) calculations with local density approximation (LDA) [28] using linear combination of atomic orbital basis as implemented in the SIESTA code [29] were performed to study different kinds of defects in ZnO nanorods. A double-ζ polarized basis set for all atoms was used. We used standard norm-conserving pseudopotentials [30] in their fully nonlocal form. A cutoff energy of 200 Ry for the real-space grid was adopted. Atomic positions were relaxed, using conjugate-gradient algorithm [31] , until the residual Hellmann-Feynman force on a single atom converges to less then 0.05 eV/Ǻ.
Growth of ZnS-ZnO Nanostructures
Results and Discussion
Structural Characterization
The pattern (a) in Figure 1 [32] .
These observed planes confirm the hexagonal wurtzite type structure of ZnO with space group
P63mc. The intensity of (002) (002) plane shows that the growth of ZnS layer has taken place on the surface of ZnO nanorods. shows that the chemical method used for the growth of ZnS shell has no effect on the overall morphology of the nanorods. We do not see a sizeable change in the diameter of the ZnO nanorods after the growth of the ZnS surface layer. As mentioned in the experimental section, in this method the ZnS layer grows on the surface of ZnO nanorods by replacing the O of the structure with S, therefore no substantial change is expected in the diameter of the nanorods. 
SEM and EDX Analysis
the thickness of ZnS is less than photolectrons's penetration depth (> 8 nm). Due to less thickness of ZnS the excitation volume for the generation of X-rays would be less as a result we did not observe any peak related to sulphur in the EDX spectrum.
To confirm the elemental distribution, we also performed EDX X-ray elemental mapping of the samples. Figure 3 atoms. The other peaks at the binding energy of 531.8 eV and 532.8 eV are originating from the surface adsorbed species such as chemisorbed or dissociated oxygen or OH species on the surface of ZnO nanorods [21] . Some researchers also assign these binding energy contribution around 531.8 eV to the oxygen vacancies at the surface of ZnO [34] .Here, it is difficult to separate the oxygen vacancies peak from the surface adsorbed species as all the three samples are air exposed and we expect the major contributions in the higher binding energies are originating from the surface adsorbed species. In order to confirm the origin of this peak, we grew a thicker layer of ZnS on ZnO nanorods by increasing the growth time of ZnS layer up to 30 minutes. Fig. 4 (a) (Top section) presents the O1s XPS spectra for the thicker ZnS layer grown on ZnO nanorods shows the diminishing oxygen lattice peak which suggests that the thickness of the ZnS layer is actually exceeding the photoelectron's penetration depth. It is worthwhile to note that the contribution of the O1s peak at the higher binding energy is almost the same as for the bare ZnO nanorods and for the sample with ZnS layer grown by 15 minutes reaction time.
The same trend of these two higher binding energy peaks in all the three samples suggest that the surface adsorbed contribution on all surfaces is similar since all samples had similar air exposure. 
Optical Properties
To investigate the optical properties of the ZnO nanorods and ZnS-ZnO hybrid nanostructures, we performed the room temperature photoluminescence and optical transmittance of our samples. Figure 5 presents the room temperature photoluminescence of ZnO nanorods and ZnSZnO nanostructures. In this figure we can see two emitting bands i.e. a narrow ultraviolet emission peak which is centered around 378 nm along with a broad blue-green defect emission for both ZnO nanorods and ZnS-ZnO hybrid nanostructure. It is evident that the band edge emission increases in ZnS treated sample as compared with bare ZnO nanorods. On the other hand the broad blue-green emission decreases substantially with the treatment. When the bare ZnO nanorods sample is excited by the laser source and its electrons are excited to the conduction band, only a few of these electrons relax back directly to the valence band while the majority of them are trapped in the defect levels. Thus the electron from the conduction band is readily trapped back into the defect states to produce a broad hump in the visible region.
The Gaussian fit (Fig. 5(b) ) of the PL data shows multiple peaks both in UV and in visible range.
In UV region the excitonic peaks at 378 nm and 385 nm relate to the first and the second order phonon replica, respectively, of a free exciton band in hexagonal wurtzite structure [35] . In the visible region the blue-green luminescence in ZnO nanostructures has been associated with different types of defects such as oxygen vacancies (V o ) [36] [37] , zinc interstitials (Zn i ) [38] , oxygen interstitials (O i ) , zinc vacancies (V zn ) and antisite oxygen (O zn ) [39] . Multiple reports have shown that by decreasing the surface to volume ratio in ZnO nanostructures the intensity of green emission decreases [40] [41] [42] [43] [44] . We also performed DFT calculations which have been discussed in the latter section and have supported this fact. So we expect that the observed defect emission is mostly contributed by the surface defects.
First, we address the origin of the green emission in our experimental PL result. Vlasenko et al.
[45], Ahn et al. [46] and Cao et al. [47] disentangled two possible contributions to the green luminescence at ~554 nm and ~504 nm by using electron paramagnetic resonance. Both of their proposed contributions has also been observed in our result and fits very well with their findings. It is important to note that after growing ZnS layer on the surface of ZnO nanorods the intensity of the defects emission reduces significantly. There could be two different phenomena for the enhanced UV emission and the reduced defect emission. ZnS has a larger band gap (3.7 eV) as compared to ZnO (3.3 eV) ; as a result the confinement of the charge carriers will take place in ZnO and hinders the tunnelling of charges from ZnO to ZnS outer surface. There will be more photogenerated electron-hole pairs in ZnO which may result in enhanced UV emission and reduced defect emission [52] . Another possible mechanism for the reduced defect emission and the enhanced band edge emission is the surface defect passivation after growing ZnS surface layer. As discussed above there are different types of defects which are contributing to the [53] . Figure 7 shows; impedance plane plot of ZnO nanorods is larger than that of ZnS shell coated on ZnO nanorods. The semi-circular arc intersects at the right-hand side of real part of impedance and gives the resistance corresponding to dc values (R dc as frequency tends to zero). The extension of a semicircle on left-hand side intersects the x-axis at the point labeled as R 1 , the contact resistance or the bulk resistance whose arc is not complete due to a limitation in the applied frequency range. The variation in the magnitude of the semi-circular arc at the expense of defects and structural stresses can be addressed from the term depression angle using ZView software. The depression angle is defined as the displacement of impedance semi-circles below the real axis due to the presence of distributed elements in the matrix [54] . Depression angles calculated for ZnO nanorods and ZnSZnO hybrid nanostructures are 1.7 0 and 6.6 0 , respectively.
Using simulated fit circle model, following parameters are calculated; R 1 = 28 ohms, R 2 = 300 ohms and capacitance C 2 = 6.37 × 10 -10 F. R 1 has been defined above while R 2 is the resistance value of electro-active region defined by semi-circular arc and C 2 is the capacitance. An For a pure capacitor, n = 1 and lower value of n for ZnS-ZnO indicates deviation from ideal capacitor behavior. The low value of n can be explained due to the inhomogeneity introduced by ZnS core at ZnO. The change in the impedance of ZnS-ZnO is further explained in the log-log plot conductivity with frequency. Figure 7 (b) shows a visible change in the frequency independent part and these results are in accordance with early discussed impedance results.
Introduction of ZnS layer to ZnO nanorods results in more effective charge separation and is interpreted as a faster interfacial charge transfer. These results are also in accordance with the PL results where spectra of ZnO-ZnS show a diminishing trend in the defected related emissions.
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The high value of depression angle of ZnS-ZnO hybrid nanostructures is obvious due to the structural stress created by coated ZnS layer on ZnO nanorods. 
Electronic Structures from DFT Calculations
To address the exact source of the defect emission and have some qualitative understanding, we carried out DFT calculations using the cross section of ZnO Nanorods (NRs), which is shown in Fig. 8(f) . We considered different types of intrinsic defects, i.e., oxygen vacancy V O , zinc interstitial Zn i , zinc vacancy V Zn, at the surface of ZnO NRs. For V O, we considered two types of O vacancies, i.e., O vacancy located in the interior of the NR (marked as 1 in Fig.(8,f) ), which is coordinated by four Zn atoms, and at the edge of NR (marked as 2 in Fig.(8,f) , which is coordinated by three Zn atoms. In both the cases, we relaxed all the atoms and calculated their We also calculated the band structure of relaxed pristine ZnO NR and V O. Figure 8(a) shows that the pristine ZnO NR is a semiconductor, and no impurity bands can be seen in the band gap.
However, a clear impurity band above the valence band can be seen in the band gap, when O vacancy at the edge of NR is introduced (see Fig.8 (b) ). We believe that a V O -induced state could be a possible source of defect emission in ZnO NR as observed in the PL data. Note that Zhang et. al., also found a similar behavior using first-principles calculations [55] . To further diagnose the origin of O vacancy driven state in the band gap, we analyzed the charge density of all Zn and O atoms near the O vacant site close to the valence band. Fig.8 (g) shows that most of the charge is accumulated on the Zn atoms consistent with our Mulliken charge analysis. The calculated partial density of states ( Fig.8(j) ) further elucidates that the O vacancy-driven impurity state is mainly contributed by the Zn-4s electrons and partially by the O-atoms lying at the edge of the NR. The electronic band structure of Zn interstitial is also analyzed (see Fig.   8 (d)), and one can see that the Fermi level is inside the conduction band, i.e., Zn interstitial in ZnO behaves as n-type impurity. One can clearly see the three Zn interstitial-driven impurity bands in the bandgap of ZnO NR, and these impurity bands can also behave as trapping center for electrons. Similarly, the Fermi level lies in the valance band of ZnO NR when Zn vacancy is introduced ( Fig.8 (e) ), and Zn vacancy behaves as a source of p-type doping. The Zn vacancydriven impurity bands are formed just above the valence band, which indicates that electron can also transit from conduction band to these defects-driven bands.
To address the atomic origin of ZnS-ZnO reduced defect emission (increased transmittance) in the visible range, we considered placing the S atom at Zn site and at the O vacant sites 1 and 2 as marked in Fig. 8 trapping center are present in contrast to surface O vacancy band structure. We further analysed the charge density ( Fig.8(h) ) and the partial density of states ( Fig.8(k) ) at the top of the valence band, and we can see that electron density, which is mainly contributed by S-p and O-p electrons, is mainly localised around the S and edge O atoms. 
Conclusion
In this study we have successfully grown ZnO nanorods and ZnS-ZnO hybrid nanostructures, 
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